Background: Total Laryngectomy is a mode of treatment of patients with advanced laryngeal cancer. It affects the voice and the speech communication.
Introduction
Total Laryngectomy (TL) is a surgical procedure involving the complete removal of larynx after advanced laryngeal cancer 1 . This surgical procedure includes vocal cords that normally produce speech sounds. As a result, the communication is seriously impaired and restoring this communication by speech has been a great challenge for speech pathologists 2, 3, 4 . In order to communicate, an entire new type of speech will need to be learned. That is way; there are three primary approaches to speech rehabilitation after TL: Esophageal Speech (ES), TracheoEsophageal Speech (TES) and Artificial Larynx (AL) 5, 6, 7, 8 . In Algeria, the ES is the most privileged technique for voice rehabilitation after TL. Indeed, it does not require expensive devices such as prostheses. In addition, this method is generally convenient and allows a significant degree of intelligibility after a sufficient period of reeducation 9, 10 . In this method, laryngectomized patients learn how to swallow down air into the esophagus and create sounds by releasing the air which passes through a vibrating PharyngoEsophageal PE segment 11, 12 . The air is then shaped into intelligible speech by the organs of vocal tract cavities (tongue, lips and teeth). Acoustic analysis of laryngectomee voice has received a great attention from researchers in other languages 13, 14, 15, 16 . Our study presents some observations on quality of voice rehabilitation with ES performed in Algerian hospitals.
Methods

Colloquial Algerian Arabic
Algerian colloquial Arabic is spoken daily by the vast majority of Algerians 17 . It's spoken as a native or as a second language by more than 83% of the population. However, in the media and on official occasions, the spoken language is Modern Standard Arabic. In Algeria, as elsewhere, spoken Arabic differs from written Arabic. The Algerian Arabic has a vocabulary mostly original Arabic, with significant Berber substrates, and new words borrowed from French language.
Participants
The sounds were pronounced by eight patients who have undergone TL, with age varying from 47 to 59 years, the mean age is 54.87 years. All the subjects have done speech reeducation with speech-language pathologist (sessions during 11 months). They have learned the method of esophageal speech with inhalation technique. All the subjects are male and they communicate in Algerian colloquial Arabic. Institutional review board approval was obtained for this study.
Speech database
We have used a corpus of sounds collected at the Speech Processing Laboratory of the CRSTDLA, Algiers (Algeria) between October 2008 and September 2009. The recordings were made before the beginning of reeducation, and after three, six, and eleven months of reeducation. The interest of recording speech after surgery and before speech therapy is to confirm the absence of voiced components, by measuring specifically the Degree of Unvoiced Frames DUF (%) during the pronunciation of sustained vowels. The same corpus was pronounced by five normal laryngeal speakers, researchers at the CRSTDLA, and without any pathology of voice.
The corpus consists of sustained vowels, CV utterances, isolated words, and read texts. For the extraction of acoustic parameters, we have exploited the sustained vowels [a, i, u]. The CV utterances and the isolated words were exploited to detect eventual confusions between consonants having same place of articulation but differ by the index voiced/ unvoiced. For that reason, we have chosen the consonants corresponding to voiced/unvoiced pairs:
. The read texts allowed us to see the fluency and intelligibility of speech.
Acoustic analysis
The acoustic analysis was carried out using the Matlab® and Praat® software, including the Pitch F 0 (Hz) with the standard deviation and range (max and min F 0 ), formants (F 1 , F 2 , F 3 ), Jitter (%), Shimmer (dB), Harmonic to Noise Ratio HNR (dB) 18 , Degree of Unvoiced Frames (DUF) and intensity of voice. The Praat software was used in order to extract following parameters: F 0 , F 1 , F 2 , F 3 , DUF, Intensity and HNR. This paper deals with analyzing and assessing of pathological voices. Hence, we give particular attention to Jitter and Shimmer parameters that we have developed using Matlab® 7.5. Jitter and shimmer are defined as period-to-period fluctuations in vocal fold frequency and amplitude and they are largely used for the description of the quality of pathological voice 19, 20, 21 . Also, Jitter and Shimmer are commonly measured for sustained vowels, and their values above a certain threshold are considered being related to pathological voices, usually perceived by humans as breathy, rough or hoarse voices 22 . The algorithm designed for extracting Jitter and Shimmer is based on cepstral analysis technique which permits an easy and distinct separation of glottal pitch and filter function of the vocal tract 23 . The cepstral analysis is a robust technique of representing short-time variation of speech spectral parameters and provides fine detail pitch information 24 . That is why, in general, cepstral analysis applied to extract the glottal peaks is more accurate than other techniques such as autocorrelation. The prominence of the high-level cepstral peaks in relation to extraneous vocal frequencies provides a more efficient method of quantification for the voice disorders 25, 26 . The cepstral peaks differ significantly with the different degrees of voice disorders. It's known that any change in the anatomical structure of the vocal tract, because of pathology, affects the cepstral coefficients and its derivatives. This cepstral technique allows us to calculate Jitter and Shimmer as well as to draw the melodic contour of the speech signal. The global melodic contour corresponds to all the obtained local F 0 in each frame of the signal. The frame and step durations are fixed respectively to 30 and 10 ms.
We note that the Cepstrum of a signal is defined as the Inverse Fast Fourier Transform (IFFT) from the logarithm of the magnitude of the data sequence, Fast Fourier Transform (FFT).
Where "x (n)" is data and "n" is a number of samples. The real part of the cepstrum is sufficient to detect the pitch which is located in the part of cepstrum corresponding to the excitation signal (higher "quefrency"). The real Cepstrum is given by:
To obtain an estimation of F 0 from the cepstrum, we look for a peak in the "quefrency" region corresponding to typical speech fundamental frequencies.
After pitch detection and peak-to-peak value extraction over time, we exploit the local periods and amplitudes of glottal peaks to extract Jitter and Shimmer values, as shown in figure 1.
Figure 1: Block diagram of the calculation of Jitter and Shimmer
We have supplemented the acoustic analysis by a global perceptual judgment of speech in order to measure the voice acceptability after eleven months of reeducation, based on the subjective perception of the listener in regard to fluency and intelligibility of speech. For this, we have used an expert jury consisting of three Algerian native speakers, without any previous knowledge of the words and sentences of the recorded corpus. Finally, a look at the spectrographic representations of sounds pronounced by the patients helps to confirm some speech disorders, such as confusions in the pronunciation of some consonants.
Results
An example of extracted parameters using the sustained vowel [a] is given in tables 1 and 2. All values of acoustic parameters are extracted from sounds pronounced by the patients before reeducation and after 3, 6 and 11 months of reeducation. After reeducation, a voicing begins to appear (F 0 > 60 Hz). We note nevertheless a general restriction of pitch (unvoiced frame >40% after six months of reeducation). Thus, esophageal speech is characterized by a very low average Pitch. The Jitter range tends to decrease during the reeducation and we note a certainly slow but perceptible evolution of the Shimmer after six months of reeducation. The HNR remains relatively low, compared to the HNR of normal voice. These values are still far from the normal threshold. Also, we note an increase of the values of the formants F 1 , F 2 and F 3 after ablation of larynx (figure 2), and less important values of intensity. The timbre of voice which presents a significant reduction in harmonic components begins to become rich after a period of reeducation.
Nonetheless, the richness of harmonics is always far from the threshold of normality.
Figure 2: Increase of formants after total Laryngectomy (vowel [a])
The spectrographic analysis of the CV utterances and isolated words pronounced by the patients shows a real confusion between some consonants having the same point of articulation but differ by the index voiced/unvoiced. At the beginning of the reeducation, the esophageal speech is unintelligible, and is characterized by several breaks within long sentences (as pauses necessary for air injection). Nevertheless, the speech becomes more fluid and less tense after rehabilitation. Also, the speech becomes more intelligible after eleven months of reeducation.
Discussion
Pitch F 0 Presumably, the poor ability of voicing can be explained by the shape, volume and elasticity of the PE segment which differ totally from those of vocal folds. The PE segment pattern appears rather unstable and not always periodic, because of the anatomical characteristics of the vibrating structures. We note that these results are in agreement with previous studies reported in other languages 15 .
Jitter and Shimmer
Tend to normal values, probably because the patient is able to better control of his efforts by a better knowledge of the various organs of phonation in his new mechanism of speech.
Harmonics/Noise Ratio (HNR)
The pathological voice is so much noised at the beginning, so the patient will probably need more time to acquire HNR values close to the threshold of normality. An effort should be done in this direction to improve the quality of speech. It is also true and natural that today, the neoglottis can never give a timbre equal to that of laryngeal voice.
Frequency formants F 1 , F 2 and F
The increase of formant values can be probably explained by the fact that the distance between the neoglottis and the first cavity of the vocal tract is modified. These results are in agreement with those previously reported for other languages 13, 14, 15, 27, 28 .
The intensity
It's less important after laryngectomy because the quantity of air obtained by eructation is insufficient (less than 70 ml) compared with that resulting from lungs in laryngeal speech (around 5000ml). The confusion between some consonants is in agreement with previous studies reported in the literature of the laryngectomy in general 29, 30 , unlike to other studies which report a negligible rate of confusion 31 . In our study, we note a perceptible confusion of the back consonants unlike the front consonants. In contrast to vocal folds which have to be adducted to begin vibration, the PE segment will be relaxed to assume vibration. Thus, with the new configuration of the vocal tract, and the presence of a tracheostomy, patients seem to have difficulty in properly pronounce pharyngeal and uvular consonants with relaxing of the contiguous PE segment, and they make great efforts to properly pronounce these consonants. It appears that to pronounce these consonants, patients seem to privilege the articulation to the detriment of consonantal voicing.
The patients are unanimous to note that the vowel [i] is very difficult to pronounce, in particular in continuous speech. The high front vowel [i] is articulated with the tongue body raised and fronted towards the alveolar region. As a result of this forward thrust of the mass of the tongue, the lower pharynx is widened during pronunciation of [i] . With the changes undergone by this part of the vocal tract after surgery, it is possible that it's the articulatory constraints that make [i] more difficult to be pronounced than the other vowels. In Conclusion, the acoustic analysis of patient's voice with TL shows that the majority of acoustic parameters tend to come close to the threshold of normality after a sufficient period of reeducation. Nevertheless, deficiencies were reported in the taking care of patients:
Absence of formation of the speech therapists in manipulation of acoustic analysis software; The exclusive use of the ear (hearing) to evaluate the effect of voice rehabilitation in the Algerian hospitals. The evaluation of pathological voice is mainly based on the subjective perception of clinicians without any acoustic or articulator analysis. Little attention is given to acoustic analysis in the university curriculum of the student, future speechlanguage pathologist at the hospital. Certainly, acoustic analysis of pathological voices cannot replace the traditional work of the speech therapist but it may be a support of objective data that can help considerably in the reeducation of patients. Indeed, this acoustic analysis reinforces the hearing message and makes objective what sometimes escapes to hearing of the speech therapist (perceptual judgment).
According to the results we found, it's important to reinforce skills and knowledge of the speech therapist, allowing him to adapt his rehabilitation technique by giving more importance to the voicing phenomenon and the back consonants. The employment of the cepstral parameters used in this study is of special interest, as they can provide an objective diagnosis of pathological voices, and may be used as complementary tool in the monitoring of the esophageal speech rehabilitation. Indeed, the use of these acoustic parameters can be considered as a sensitive and objective outcomes measure, even with extremely perturbed voice samples that would be difficult to analyze using traditional acoustic measures, such as F 0 , duration, and formant frequencies.
This study presents some observations on quality of voice rehabilitation with esophageal speech performed in Algerian hospitals. It is noteworthy that there is a blatant lack of cooperation between the speech therapist in the Algerian hospital environment, the engineer, researcher phonetician, and acoustician in the research laboratory, and finally the professor teaching at the university. A close collaboration between these institutions will allow a better care of the laryngectomized patients.
